INTRODUCTION
============

Uterus is an important reproductive organ in mammals, and is responsive to female hormones. The organ comprises three layers: endometrium, myometrium, and perimetrium. Endometrium is the innermost layer of the uterus, and contains luminal and glandular epithelium along with stromal region. The endometrium changes throughout the menstrual cycle in response to ovarian hormones, estrogen and progesterone. Estrogen is one of the crucial female steroid hormones and plays a key role in regulating physiological and cellular functions of various tissues including reproductive organs ([@b1-bmb-51-225], [@b2-bmb-51-225]). Estrogen orchestrates the cycle of uterine epithelium with another steroid hormone, progesterone, for successful uterine implantation after puberty. In this review, we will investigate the relationship between estrogen and the recently reported RAS signal as well as the implications for patient with repeated implantation failure.

ESTROGEN SIGNALING
==================

Estrogen production from the ovary during the estrous or menstrual cycle
------------------------------------------------------------------------

Estrogen exists in three forms such as estrone, estradiol, and estriol ([@b1-bmb-51-225], [@b2-bmb-51-225]). Estrogen is produced in various tissues including the ovary, placenta, fat, and the liver in females ([@b3-bmb-51-225], [@b4-bmb-51-225]). It is the primary source of estrogen production. Two different somatic cells known as theca and granulosa cells surround the oocyte in the ovarian follicles ([@b3-bmb-51-225]--[@b5-bmb-51-225]). Estrogen biosynthesis depends on P450 aromatase enzyme activity, which catalyzes the hydroxylation of estrogen precursors, adrostenedione or testosterone ([Fig. 1](#f1-bmb-51-225){ref-type="fig"}). Androstenedione and testosterone are produced in theca cells from cholesterol via steroidogenesis, and diffuse into granulosa cells, which contain aromatases leading to estrogen synthesis during reproductive life. Estrogen production in the ovary changes periodically along with the estrous or menstrual cycle under the control of a gonadotropin, follicle-stimulating hormone. which is synthesized and secreted by the anterior pituitary ([@b6-bmb-51-225]).

The estrogen produced in the ovary is secreted into bloodstream, bound to carrier proteins such as sex-hormone-binding globulin or albumin, and then delivered to target tissues ([@b1-bmb-51-225], [@b7-bmb-51-225]). Uterus is one of the main targets of estrogen. Uterus is an important secondary sex organ of the reproductive system responsive to female hormones in most mammals. The uterus consists of three layers, endometrium, myometrium and perimetrium. The growth and degeneration of uterine epithelium are dynamically and cyclically altered by estrogen and another steroid hormone, progesterone in rodents and humans ([@b8-bmb-51-225]). The dynamic regulation of uterine epithelium is precisely regulated by the endocrine system for preparation of uterine receptivity for successful implantation of embryo during early pregnancy ([@b8-bmb-51-225]). The estrous cycle in mice is divided into 4 stages, proestrus, estrous, metestrus, and diestrus, with four to five days ([@b9-bmb-51-225]). In rodents, the estrogen levels peak at proestrus stage followed by ovulation ([@b10-bmb-51-225]). The cycle in humans is called menstrual cycle which is approximately 28 days long. The uterine cycle during the menstrual cycle is divided into proliferative and secretory phases ([@b11-bmb-51-225]). Estrogen level is gradually increased in the follicular phase and peaks before the ovulation leading to thickening of the uterine endometrium ([@b11-bmb-51-225]). Human and mouse cycles vary, although the estrogen concentrations peak before the ovulation ([Fig. 2](#f2-bmb-51-225){ref-type="fig"}).

Estrogen receptor signaling in the uterus
-----------------------------------------

Estrogen levels are dynamically altered according to the cycle, and are closely related to changes in the uterine endometrium. Cunha *et al*. reported that estrogen induces cell proliferation and maintains secretory function in uterine epithelium ([@b12-bmb-51-225]). The role of estrogen in the uterine changes has been investigated in ovariectomized mice and knockout animal models. Estrogen induced epithelial cell proliferation in ovariectomized mice within 24 h of administration ([@b13-bmb-51-225]). Estrogen binds via two types of receptor: estrogen receptor alpha (ERα) and estrogen receptor beta (ER*β*) ([@b2-bmb-51-225]). Estrogen receptors occur widely throughout the body including the uterus ([@b14-bmb-51-225], [@b15-bmb-51-225]) suggesting that ER signaling is important in fertility. However, the biological functions of the receptor are different. ERα knockout mice are infertile ([@b16-bmb-51-225]), whereas ER*β*-deficient mice are fertile ([@b17-bmb-51-225]). ERα plays a crucial role in uterine development and function. The uterus in ERα knockout mice is hypoplastic ([@b16-bmb-51-225]). ERα signals and induces cellular proliferation and differentiation of uterine epithelium in response to estrogen ([@b18-bmb-51-225]) suggesting that estrogen regulates uterine physiology via its own receptor. Estrogen receptor mediates estrogen signaling via two signal transduction pathways ([@b19-bmb-51-225]), one of which is mediated via nuclear estrogen receptor. In the absence of estrogen, the receptor is present in cytoplasm. However, estrogen diffuses across the phospholipid membrane and binds with the cytoplasmic receptor. Estrogen binding to the receptor triggers translocation of ER into the nucleus and acts as a transcriptional factor via subsequent binding to specific DNA sequences found in the regulatory regions of estrogen-responsive target genes, called the estrogen response elements (ERE). This ERα nuclear receptor-mediated signaling is known as genomic actions.

A majority of ERα occurs in the cytoplasm or the nucleus, whereas a small portion of the receptor is located in the membrane ([@b19-bmb-51-225]). Compared with the nuclear receptor, the membrane-bound ERα signaling pathway triggers rapid transcription of estrogen to control the gene expression of target tissues resulting in rapid changes in the cellular events of hormone signal. The membrane-bound ERα is known to be associated with other complexes such as G proteins ([@b20-bmb-51-225]), tyrosine kinases ([@b21-bmb-51-225], [@b22-bmb-51-225]), caveolin-1/-2 ([@b23-bmb-51-225]), p130Cas ([@b24-bmb-51-225]), and striatin ([@b25-bmb-51-225]) suggesting that ERα-mediated signaling is complex resulting in an integrated cellular response with target cell specificity. These non-genomic signals are transmitted to the nucleus via various intracellular signaling pathways such as the mitogen-activated protein kinase (MAPK/ERK) and phosphoinositide 3-kinase (Pl3K/AKT) pathways ([@b19-bmb-51-225], [@b26-bmb-51-225]).

RAS SIGNALING
=============

RAS superfamily
---------------

RAS proteins are encoded by Ras sarcoma (Ras) oncogenes and belong to a class of small GDP/GTP-binding guanine triphosphatases (GTPase) ([@b27-bmb-51-225]). The RAS superfamily consists of over 150 members including three major RAS isoforms: HRAS, NRAS, and KRAS ([@b27-bmb-51-225]), which play a key role in cellular processes such as proliferation, migration, adhesion, and differentiation ([@b28-bmb-51-225]). Abnormal signaling of RAS occurs in human diseases including cancer ([@b29-bmb-51-225]). RAS proteins mediate intracellular signal transduction of cellular responses by switching between active GTP-binding and inactive GDP-binding forms. The level of active and inactive RAS is regulated by guanine nucleotide exchange-factors (GEFs) and GTPase-activating proteins (GAPs) via interaction with other molecules and membrane-bound receptors ([@b30-bmb-51-225], [@b31-bmb-51-225]). GEFs catalyze the release of GDP and promote GTP binding to activate RAS, whereas GAPs stimulate intrinsic GTPase activity of RAS leading to GTP hydrolysis and inactivation of RAS ([@b32-bmb-51-225]). The relationship between RAS activation and ER-mediated signaling was investigated ([@b33-bmb-51-225]). in 2004. First, the p85-associated PI3-kinase, which is associated with ER, is activated via phosphorylation of a protein kinase C (PKC). The PKC induces phosphorylation and recruitment of RAS to the ER/Src/PI3K complex followed by RAS stimulation resulting in activation of RAF via the Src/Shc-SOS pathway in MCF-7 cells ([@b33-bmb-51-225]). The activation of RAS signals occurs via a cascade of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathways. The activated RAS leads to activation of a serine/threonine-protein kinase, RAF ([@b34-bmb-51-225]), which in turn activates a serine/tyrosine/threonine kinase, MAPK/ERK kinase (MEK) ([@b35-bmb-51-225]) resulting in phosphorylation of MAPK/ERK.

RASD1 and RASD2
---------------

The RASD subfamily comprises two members, RASD1 and RASD2 ([@b36-bmb-51-225], [@b37-bmb-51-225]). RASD1 is a dexamethasone-induced Ras-related protein 1 (called dexras1) ([@b38-bmb-51-225]), whereas RASD2 is a Ras homolog enriched in striatum (called Rhes) ([@b36-bmb-51-225]). RASD1 was originally found in a mouse pituitary-derived cell line, AtT-20 ([@b38-bmb-51-225]). RASD2 was discovered in the striatum of rat brain ([@b36-bmb-51-225]). RASD1 and RASD2 contain longer C-termini compared with other members, although their C-termini vary ([@b36-bmb-51-225]). RASD1 contains four highly conserved GTP-binding and hydrolysis pockets, an effector loop, and a C-terminal CAAX box site for isoprenylation ([@b39-bmb-51-225]). RASD1 plays crucial roles in cellular signal transduction, growth, and proliferation via binding to receptor or interacting partners ([@b40-bmb-51-225]). RASD1 forms a heterodimer with G proteins, G~1~*~α~* and G*~βγ~*. RASD1 suppresses cAMP-PKR-CREB pathway via interaction with G~1~*~α~* ([@b41-bmb-51-225]), and inhibits dopamine receptor-mediated sensitization through G*~βγ~* interaction ([@b42-bmb-51-225]). In addition, RASD1 increases nitric oxide (NO) signal by interacting with neuronal nitric oxide synthase (nNOS) and CAPON in nervous system ([@b43-bmb-51-225], [@b44-bmb-51-225]). Cell growth is suppressed by RASD1 overexpression in several cells including NIH-3T3 fibroblast cells, MCF-7 breast cancer cell line and A549 lung adenocarcinoma cell line ([@b45-bmb-51-225]).

Regulation of RASD1 by estrogen
-------------------------------

The expression of RASD1 was regulated by dexamehtasone treatment in AtT-20 cells ([@b38-bmb-51-225]). However, recent studies suggest that RASD1 is regulated by estrogen in several tissues including pituitary, uterus, and oviduct ([@b37-bmb-51-225], [@b38-bmb-51-225], [@b46-bmb-51-225]--[@b48-bmb-51-225]). In fact, *RASD1* mRNA was exclusively detected in the brain and female reproductive organs ([@b37-bmb-51-225], [@b46-bmb-51-225]). Estrogen is known to regulate cell cycle in several organs including the uterus, mammary gland and pituitary ([@b49-bmb-51-225]). Kim *et al*. reported that the expression of RASD1 was dynamically regulated in the uterus during the estrous cycle ([@b37-bmb-51-225]). RASD1 was localized in the uterine epithelium at the proestrus stage, which is consistent with estrogen peaks in the blood ([Fig. 2](#f2-bmb-51-225){ref-type="fig"}). Administration of estrogen significantly induced RASD1 expression in the uterine epithelium of ovariectomized mice and 3-week-old prepubertal mice ([@b37-bmb-51-225]). In addition, Jeong *et al*. reported that RASD1 expression was rapidly regulated by estrogen in regenerating oviduct after molting in hens ([@b46-bmb-51-225]). Wang *et al*. showed that RASD1 is essential for estrogen-responsive immediate early gene expression in rat pituitary cells ([@b48-bmb-51-225]). In fact, the uterine epithelium is rapidly and dynamically altered by estradiol and progesterone during the estrous cycle for preparation of pregnancy. Therefore, RASD1 might play a role in rapid signal transduction during uterine dynamics in response to estrogen.

RASD1 expression in the uterus of patients with repeated implantation failure
-----------------------------------------------------------------------------

Interactions between blastocyst and uterus are a prerequisite for successful embryo implantation and the role of uterine endometrium plays a key role. Kim *et al*. reported a recent study suggesting that patients with repeated implantation failure (RIF) show aberrant gene expression in the endometrium ([@b50-bmb-51-225]) following dysregulation of several signaling pathways as well as genes. Interestingly, RASD1 expression was significantly reduced in RIF ([Fig. 3](#f3-bmb-51-225){ref-type="fig"}) ([@b50-bmb-51-225]). In fact, the level of estrogen of RIF patients was lower than in control group ([Fig. 3](#f3-bmb-51-225){ref-type="fig"}) suggesting that low estrogen level during menstrual cycle was related to failure of implantation.

In normal conditions, RASD1 acts a signaling factor in uterine modulation leading to successful implantation, such as cellular growth and differentiation. By contrast, RIF patients show reduced estrogen levels leading to diminished RASD1 levels in the uterine endometrium, resulting in abnormal implantation via abnormal uterine regulation ([Fig. 4](#f4-bmb-51-225){ref-type="fig"}).

CONCLUSION
==========

Uterus is the most dynamic organ, undergoing organ-specific proliferation and morphological changes, which are regulated by ovarian hormones including estrogen. The uterine epithelium is rapidly changed during the reproductive cycle. The signaling pathway requires a second messenger, such as RASD1, associated with estrogen receptor to orchestrate the uterine dynamics. The relationship between RASD1 and estrogen receptor-mediated signal transduction warrants further studies for a better understanding and insight into RIF clinically.
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![Estrogen production. Estradiol is synthesized in the ovary based on the two-cell theory. In theca cells, androstenedione or testosterone is generated from cholesterol. In granulosa cells, estrone or estradiol is produced from androstenedione or testosterone by aromatase, which is a cell-specific enzyme. Estradiol in the blood is converted into estriol in the liver or placenta (modified from Hiller ([@b1-bmb-51-225], [@b3-bmb-51-225])).](bmb-51-225f1){#f1-bmb-51-225}

![Estrogen level during estrous cycle and menstrual cycle. (A) The estrous cycle is divided into four stages in mice: proestrus, estrus, metestrus, and diestrus. (B) The menstrual cycle is divided into two phases in humans: follicular phase and luteal phase (modified from Wang and Dey ([@b11-bmb-51-225])).](bmb-51-225f2){#f2-bmb-51-225}

![*RASD1* expression in the uterine endometrium of RIF patients. (A) Gene profile analysis of RIF and the relative RASD1 location in volcano plot. (B) Semi-quantitative RT-PCR analysis was performed using total RNA extracted from uterine endometrial tissues of RIF patients (n = 5) and control women (n = 5). (C) Relative serum levels (pg/ml) of estrogen in RIF patients (n = 15) and control women (n = 7). Data modified from Choi ([@b50-bmb-51-225]).](bmb-51-225f3){#f3-bmb-51-225}

![Estrogen signaling pathway regulates RASD1 expression in uterine epithelium of control and RIF patients. In normal uterine endometrium, estrogen signals are transduced via the non-genomic action of estrogen receptor, which mediates the RAS/MEK/ERK pathway to regulate RASD1 expression for successful implantation. In RIF endometrium, decreased estrogen expression result in a reduction in the levels of RASD1 factors.](bmb-51-225f4){#f4-bmb-51-225}
